Objectives: To investigate whether patients with spinal cord injury (SCI) are at an increased risk of developing Parkinson's disease (PD). Study design: A population-based, propensity score-matched, longitudinal follow-up cohort study. Setting: The study was conducted using the National Health Insurance (NHI) Research Database. Methods: A total of 10 125 patients with at least 2 ambulatory visits with a diagnosis of SCI in 2001 were enrolled in the SCI group. The non-SCI group comprised 10 125 propensity score-matched patients without SCI. The propensity scores were computed using a logistic regression model that included age, sex, comorbidities and socioeconomic status. The PD-free survival rates of the two groups were estimated using the Kaplan-Meier method. Stratified Cox proportional hazard regression was used to estimate the effect of SCI on subsequent occurrence of PD. Results: During the 3-year follow-up period, 99 subjects in the SCI group and 59 in the non-SCI group developed PD. The hazard ratio of PD for the SCI group compared with the non-SCI group was 1.65 (95% confidence interval 1.16-2.33, P = 0.0049). The PD-free survival rate for the SCI group was lower than that for the non-SCI group (P = 0.0017). Conclusions: This study shows that SCI is associated with a subsequent increased risk of PD. Further studies are needed to elucidate the mechanism underlying this association.
INTRODUCTION
Parkinson's disease (PD), the second most common neurodegenerative disorder, affects millions of people worldwide, causing substantial disability and decreased quality of life. 1 The characteristic histopathological feature of PD is the formation of Lewy bodies, which consist mainly of a cytotoxic protein, alpha-synuclein. 2 Recent studies have suggested that traumatic brain injury (TBI) is etiologically linked to PD 3 and that abnormal alpha-synuclein deposition in the brain after TBI may explain how TBI is linked to PD. 4 In addition, neuroinflammation has been shown to have an important role in PD development. 5, 6 Neuroinflammation can be elicited after central nervous system (CNS) injuries such as TBI 7 and spinal cord injury (SCI) 8 and can have both immediate and delayed detrimental effects leading to neurodegeneration. 9 However, to our knowledge, no research has been conducted on the relationship between SCI and PD, and the aim of this population-based, propensity score-matched, longitudinal follow-up study was therefore to investigate whether patients with SCI are at a higher risk of developing PD.
MATERIALS AND METHODS
This study used the National Health Insurance (NHI) Research Database between 2000 and 2003. The NHI program is a single-payer health-care system that covers 497% of population (421.9 million persons) in Taiwan. The study population consisted of an SCI group and a non-SCI group, both selected from the NHI database in 2001. In order to minimize the potential confounding effects from an imbalance in the distribution of the observed variables between the SCI and non-SCI groups, we used the propensity score matching method to balance the observed baseline characteristics between these two groups. 10 The SCI group consisted of subjects aged between 20 and 90 years who received a diagnosis of SCI (International Classification of Disease, Ninth Revision, Clinical Modification (ICD-9-CM) codes 806, 952) in ambulatory medical care visits between 1 January 2001 and 31 December 2001. To optimize the diagnostic accuracy, only patients who had at least two ambulatory visits with the diagnosis of SCI in this period were included (n = 11 976). The first ambulatory visit in 2001 during which a diagnosis of SCI was recorded was defined as the index visit. The exclusion criteria for the SCI group were (1) a previous diagnosis of PD (ICD-9-CM code 332.0) or secondary parkinsonism (ICD-9-CM code 332.1) before the index visit and (2) a previous diagnosis of TBI (ICD-9-CM codes 801-804, 850-854) before the index visit, leaving 10 173 subjects with SCI. The comorbidities included in the propensity score matching were diabetes (ICD-9-CM code 250), hypertension (ICD-9-CM codes 401-405), dyslipidemia (ICD-9-CM code 272), stroke (ICD-9-CM codes 430-438) and coronary heart disease (ICD-9-CM codes 410-414). The information on these comorbidities was obtained by retrieving all outpatient and inpatient records in the year before the index visit. The ascertainment of the diagnosis of these comorbidities was defined as ⩾ 1 hospital discharge or ⩾ 2 ambulatory medical care visits with a relevant diagnosis code. Socioeconomic status indicators, including income, geographical region and levels of urbanization, were also included in propensity score matching, as they have been suggested to affect the risk of PD. 11 The information of these factors was obtained from the NHI database and household registry. We used the monthly insured payroll-related amount as a surrogate for individual income, which was stratified into four levels: new Taiwan dollar (NT$) 0, NT$1-15 840, NT $15 841-25 000, and ⩾ NT$25 001. NT$15 840 was chosen as the first cutoff point, as it was the government-stipulated minimum monthly wage for fulltime employees in Taiwan. The geographic areas in which patients resided were classified as geographic region of Northern, Central, Eastern or Southern Taiwan. The urbanization levels were categorized into seven levels based on the publication of Taiwan National Health Research Institute, 12 with level 1 referring to the 'most urbanized' and level 7 referring to the 'least urbanized' communities. However, as there were relatively small number of subjects in levels 5, 6 and 7, these three levels were merged into a single group labeled as level 5. A total of 48 subjects in the SCI group were excluded because of missing data in the household registry information, resulting in 10 125 subjects in the final SCI group.
The non-SCI group was sampled from the subjects without a diagnosis of SCI from the NHI database in 2001. The index visit was defined as the first ambulatory medical care visit in 2001. The exclusion criteria for the non-SCI group were (1) a previous diagnosis of SCI (ICD-9-CM codes 806, 952) before the index visit, (2) a previous diagnosis of PD (ICD-9-CM code 332.0) or secondary parkinsonism (ICD-9-CM code 332.1) before the index visit and (3) a previous diagnosis of TBI (ICD-9-CM codes 801-804, 850-854) before the index visit. Information on comorbidities and socioeconomic status was obtained as described above. We adopted a two-stage approach to perform the propensity score matching in the large-scale NHI database. 13 For each subject in the SCI group, we first randomly sampled 20 age-and sex-matched non-SCI subjects who met the above criteria, giving a total of 202500 non-SCI subjects. In the second stage, a logistic regression model that included age, sex, comorbidities and socioeconomic status as covariates was used to predict the probability (that is, propensity score) of SCI. An 8-to-1 digit greedy matching algorithm 14 was then used to identify the unique matched control from the non-SCI subjects for each SCI patient according to the propensity score, leading to a total of 10 125 subjects in the propensity score-matched non-SCI group.
Outcome
Medical records of each subject were retrieved from the index visit to the end of 2003. The mortality data were obtained from the national mortality registry. The first diagnosis of PD (ICD-9-CM codes 332.0) during the follow-up was defined as the end point event. The ascertainment of the diagnosis of PD required ⩾ 1 hospital discharge or ⩾ 2 ambulatory medical care visits with a diagnosis of PD. All subjects were followed from the index visit to the first occurrence of PD, death or end of follow-up (whichever occurred first).
Statistical analysis
The Chi-square test and Student's t-test were used to examine differences in demographic variables, comorbid medical disorders and propensity scores between the SCI and non-SCI groups. The covariate balance before and after propensity score matching was assessed using the standardized difference method. 15 An absolute standardized difference of 0 for a covariate indicates no between-group imbalance for that covariate, and values o0.1 indicate an inconsequential imbalance. The incidence rate of PD was calculated as the number of incident PD cases divided by PD-free person-years. The PD-free survival curves for the propensity score-matched SCI and non-SCI groups were plotted using the Kaplan-Meier method, and the differences between groups were compared using the log-rank test. Stratified Cox proportional hazard regression was used to estimate the effect of SCI on the risk of PD. An alpha level of 0.05 was considered statistically significant for all analyses. The analyses were performed using the SAS 9.4 software (SAS Institute, Cary, NC, USA).
Statement of ethics
All personal identification numbers in the NHI database were converted into scrambled numbers before data processing. The retrieved data were kept confidential and were analyzed anonymously, which complies with the Personal Information Protection Act and the regulations of the Department of Health, Executive Yuan, Republic of China. As the data were used in a de-identified manner for research purposes, this study was exempt from full review by the National Taiwan University Hospital Research Ethics Committee, and the need for informed consent was waived. Table 1 shows the demographic and clinical characteristics for the SCI and non-SCI groups before propensity score matching. The mean age of the SCI group was 56.3 years, with an s.d. of 17.8 years. The SCI group had a higher prevalence of several medical comorbidities, including diabetes (Po0.0001), hypertension (P = 0.0046), stroke (Po0.0001) and coronary heart disease (P = 0.0317), than the non-SCI group. There were also significant differences in the distribution of monthly income, urbanization level and geographic region between the SCI and non-SCI groups. The absolute standardized differences were 40.1 for stroke, monthly income, urbanization level, geographic region and propensity score before matching (Table 1) . After propensity score matching, the matched cohorts were well balanced in terms of all measured covariates, as the absolute standardized difference between the two matched groups was o0.1 for all baseline characteristics ( Table 2) . The median follow-up time was 30.4 months (interquartile range 8.7 months). The number of PD cases and the hazard ratios (HRs) of PD for the two propensity score-matched groups are presented in Table 3 . For the SCI group, a total of 99 (0.98%) PD cases occurred during 24 113.8 person-years of follow-up, resulting in an incidence rate of 4.10 (95% confidence interval (CI), 3.34-5.00) per 1000 person-years. For the non-SCI group, 59 (0.58%) PD cases occurred during 23 984.7 person-years of follow-up, giving an incidence rate of 2.46 (95% CI, 1.87-3.17) per 1000 person-years. The HR of PD for the SCI group was 1.65 (95% CI, 1.16-2.33, P = 0.0049). The PD-free survival rate of the SCI group was significantly lower than that of the non-SCI group (Figure 1 , P = 0.0017).
RESULTS
As the present study is a retrospective study based on health-care insurance data, the association between SCI and PD may be possibly driven by reverse causation (that is, undetected PD may cause frequent falls and a higher risk of SCI, which leads to an association between SCI and PD) or surveillance bias (that is, earlier detection of PD among people under close surveillance for SCI). To assess the influence of potential reverse causation or surveillance bias, we performed analyses evaluating the risk of PD within and after the first year of follow-up. The HR of PD for the SCI group was 1.39 (95% CI, 0.87-2.20) within the first year of follow-up and was 2.05 (95% CI, 1.19-3.55) after the first year of follow-up. The results show that the association between SCI and PD was more prominent after the first year of follow-up. These findings suggest that the association between SCI and PD found in our study was unlikely to be explained by reverse causation or surveillance bias.
DISCUSSION
In the present population-based, propensity score-matched, longitudinal follow-up study, we found that SCI patients had a 1.65-fold higher risk of PD compared with non-SCI subjects. This is the first longitudinal study showing an increased risk of PD in patients with SCI. Although the exact mechanism underlying the association between SCI and PD is not clear, we propose the following explanations.
First, studies have shown significantly higher levels of proinflammatory cytokines such as tumor necrosis factor-α (TNF-α), interleukin-1β and interleukin-6 in both the acute 16 and chronic stages of SCI. 17, 18 TNF-α is a mediator in inflammatory responses, 6, 17, 19 and its persistent elevation suggests an ongoing inflammatory process in patients with SCI. [16] [17] [18] TNF-α can cross the blood-brain barrier and blood-cord barrier by receptor-mediated transport, which is upregulated after SCI. 17, 20, 21 After entering the brain, TNF-α can activate microglia, which, in turn, produce more TNF-α and reactive oxygen species 5, [22] [23] [24] and cause neuroinflammation in the brain. 5, [22] [23] [24] It has been suggested that CNS inflammation and microglial activation can induce high levels of dopaminergic neuron damage, 5, 17, 22 as these neurons are particularly vulnerable to inflammatory insults 22, 23 and oxidative stress. 5, 23, 24 We therefore hypothesize that the increased risk of PD in patients with SCI may be mediated through TNF-α-elicited neuroinflammation, resulting in progressive dopaminergic neuron loss 5, 6, 22 and predisposing SCI patients to PD.
Second, animal studies have shown that, after SCI, synuclein expression is induced in the spinal cord 25 and synuclein accumulates in brain neurons. 26 Such accumulation of synuclein has been associated with injury-related neuron death. 26 Alpha-synuclein has been shown to have a pivotal role in the pathogenesis of PD, 27, 28 leading to dopaminergic neuron death, both directly 27 and indirectly by reactive microgliosis. 23, 28 Aggregation of alpha-synuclein is triggered by specific insults and can begin in regions outside the brain and then spread to the midbrain and neocortex in a prion-like manner. 27, 29 Through exocytosis and endocytosis, alpha-synuclein aggregates can seed from a cell to neighboring neurons and glia cells, initiating a chain of events that has been suggested as an underlying mechanism for the progressive spreading of neurodegeneration and neuroinflammation. 28 We therefore postulate that excessive alphasynuclein production after SCI may serve as a trigger for PD development in patients with SCI. However, several limitations of this study should be noted. First, as the diagnoses of SCI, PD and medical comorbidities in this study were entirely dependent on the ICD codes from the NHI database, it may raise a concern about the accuracy of the diagnosis. However, the Bureau of the NHI has set up various audit committees that randomly sample the claim data and review the medical records routinely so as to monitor the quality of care and diagnosis. The NHI database is therefore an established database and is widely used for research in a variety of medical fields. 30 Second, although we matched the SCI and non-SCI groups for the demographic, clinical, socioeconomic and geographic characteristics to generate comparable cohorts, information pertaining to family history of PD and lifestyle factors, such as smoking and alcohol intake, was not available in the NHI database and was not included in the analysis, which may introduce residual confounding in the association between SCI and PD. Third, although we excluded subjects with a prior diagnosis of PD in both the SCI and non-SCI groups, it is still possible that subclinical or undiagnosed PD in general population may cause easy falls and a higher risk of SCI, which may contribute to the association between SCI and PD. Given the possibility of reverse causality between SCI and PD, we performed sensitivity analysis evaluating the risk of PD within and after the first year of follow-up. The results show that the association between SCI and PD was more pronounced after the first year of follow-up, suggesting that this association is not likely to be driven by reverse causality.
CONCLUSION
The present population-based, propensity score-matched, longitudinal follow-up study shows that patients with SCI have an increased risk of developing PD. Further studies are needed to validate our findings and to investigate the underlying mechanism.
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